During cytokinesis in onion (Allium cepa L.) and leek (Allium porrum L.), all the peroxisomes present within the dividing cell aggregate in the phragmoplast adjacent to the developing cell plate. In order to understand the functional implications of this novel arrangement, especially in onion, which has hitherto been regarded as a model system in which to study plant cell division, we investigated how widespread the phenomenon was in selected monocots and dicots. During monocot cytokinesis, peroxisomes lacked aggregation in some taxa, notably grasses, and underwent partial aggregation in other taxa. However, complete aggregation of a cell's entire complement of peroxisomes was restricted to the genus Allium. Although peroxisomal aggregation has been suggested to function in the formation of the cell plate, the distribution of partial and complete aggregation in monocots did not match known differences in primary cell wall biochemistry. No aggregation was seen during cytokinesis in dicots. Through quantification of peroxisome distribution in cells whose actin microfilaments were disrupted with either latrunculin or cytochalasin, we demonstrated that peroxisomal aggregation is a microfilament-dependent process in Allium and the closely related plant Tristagma, which shows only partial aggregation. We speculate whether analysis of the peroxisomal proteome might reveal novel function(s) for aggregated peroxisomes during cytokinesis.
Introduction
The peroxisome is a small, ubiquitous eukaryote organelle that is bounded by a single membrane and is involved in many metabolic processes, one of which is hydrogen peroxide metabolism (Huang et al. 1983; Olsen and Harada 1995; Baker and Graham 2002) . In plants, peroxisomes are remarkably plastic, with their number, appearance, function, and location within the cell dependent on cell type, stage of development, and internal and external environmental cues (Huang et al. 1983) . Apart from the peroxisomes found in most tissues, generally referred to as unspecialized peroxisomes, specialized peroxisomes occur in some tissues. These specialized peroxisomes include, in oil seeds, glyoxysomes that function in the metabolism of storage lipids through the glyoxylate cycle. In leaves, specialized leaf peroxisomes function in the recovery of fixed carbon through the photorespiratory cycle (Olsen and Harada 1995) . The specialization evident in peroxisomes leads to changes in their appearance and location in cells. In interphase cells, unspecialized peroxisomes are randomly distributed, and they typically alternate between being stationary and exhibiting rapid, microfilamentdependent movements (Collings et al. 2002; Jedd and Chua 2002; Mano et al. 2002; Mathur et al. 2002 ; reviewed by Muench and Mullen [2003] ). Specialized peroxisomes, however, are tethered at specific locations. Glyoxysomes associate with lipid droplets that they metabolize, while leaf peroxisomes are closely appressed to the chloroplasts and mitochondria; together, these organelles form an integral part of the photorespiratory pathway . The mechanisms that allow unspecialized peroxisomes to alternate between stationary and rapidly moving states and allow specialized peroxisomes to retain their necessary locations remain undiscovered.
We have observed that while interphase Allium cepa (onion) root tip and leek (Allium porrum L.) epidermal cells have randomly distributed peroxisomes, in dividing cells, aggregated peroxisomes associate with the cell plate. As observed in onion, peroxisomes begin to aggregate in late anaphase, and throughout cytokinesis, these aggregated peroxisomes form two distinct layers immediately adjacent to either side of the outer edge of the developing cell plate. As with cytoplasmic peroxisomal movement, this aggregation depends on microfilaments, and agents that disrupt microfilament organization, such as cytochalasin and latrunculin, randomize peroxisomes during division (Collings et al. 2003) . We consider aggregation likely to be functionally important, just as the nonrandom distributions of the endoplasmic reticulum (ER) Q1 and Golgi apparatus during cytokinesis correspond to their functions in the formation of the cell plate and new cell wall (Nebenfü hr et al. 1999; Dixit and Cyr 2002) . We previously suggested two possible functions that peroxisomes might perform during cytokinesis. The first is that the aggregated peroxisomes adjacent to the cell plate recycle membranes, which is necessary because the total surface area of the vesicles required to build the cell plate is considerably greater than the surface area of the new plasma membrane (Otegui et al. 2001) . Alternatively, were the hardening of the cell plate to involve peroxide-based cross-linking of pectins or extensins, then aggregated peroxisomes might scavenge peroxide diffusing into the cell, limiting oxidative damage (Collings et al. 2003) . Evidence for both of these concepts is, however, lacking.
Any theory to explain the functions of aggregated peroxisomes during cell division must also account for differences in this phenomenon between species. We previously observed that while aggregation occurs in various tissues in Allium, it does not occur in the roots of Arabidopsis (Collings et al. 2003) . Therefore, by surveying the distribution of the aggregation phenomenon across diverse taxa, we might develop new insight into the functions performed by aggregated peroxisomes during cytokinesis. Our data indicate that while a partial form of aggregation occurs during cell division in some monocot species, highly ordered aggregation is limited to the genus Allium.
Material and Methods

Plant Material
Bulbs, seeds, and mature plants of a range of different species were purchased from nurseries in Australia and from local supermarkets. Seeds were germinated on moistened paper, while bulbs were allowed to sprout in loose potting mix. Roots were sampled when between 10 and 30 mm long. Mature plants were used when seeds or bulbs were not available and were generally repotted in loose potting mix, with growing roots harvested when they became visible.
Immunolabeling of Roots
Excised root tips were fixed for 60 min in PME buffer (50 mM PIPES pH 7.0 K þ , 2 mM MgSO 4 , 2 mM EGTA, and 0.1% Triton X-100) containing 3.7% formaldehyde (diluted from 37% formalin), then washed in PME (three times, 10 min each). For specific experiments, the fixative was modified by the inclusion of 1.0% glutaraldehyde. Root tips were embedded in 3% agar in PME buffer and cut into 150-200-mm-thick longitudinal sections with a Vibratome (Lancer Series 1000; Vibratome, St. Louis, MO). Sections were incubated in phosphate-buffered saline (PBS; 131 mM NaCl, 5.1 mM Na 2 HPO 4 , and 1.56 mM KH 2 PO 4 , pH 7.2) and processed in 96-well tissue culture plates in which the well bases had been replaced with fine nylon gauze. For species where root tips were too small to section, root tip squashes were performed, following published methods (Collings et al. 2003) , by digesting cell walls in roots with 1.0% (w/v) cellulysin Y6 and 0.1% (w/v) pectolyase Y23 (MP Biomedicals, Seven Hills, Australia) in PME for 10 min. Roots were then squashed between two multiwell slides (MP Biomedicals) coated with 0.1% polyethyleneimine (Sigma).
Root sections or squashes were blocked in incubation buffer (PBS containing 1% BSA and 0.1% Triton X-100; 30 min). For double-labeling experiments, sections were incubated for 1-2 h at room temperature in primary antibodies (mouse anti-a-tubulin [clone B512, Sigma] (Citifluor, London) . Immunolabeled root cells were imaged on a confocal microscope (Leica SP2 system; Leica, Wetzlar, Germany) with a 403 NA 1.4 oil immersion lens, with fourfold line averaging, and with optical series collected at 0.5-or 1.0-mm intervals. Using concurrent excitation with both 488-nm argon and 633-nm helium/ neon lasers, fluorescence was collected with emission windows set to 500-600 nm for FITC and 650-760 nm for Cy-5.
For triple-labeling experiments, the same protocol was followed. Primary antibodies for labeling the Golgi apparatus and ER were mouse monoclonal anti-b-COP, a Golgi apparatusresident protein (Couchy et al. 2003 ; clone M3A5 dilution 1/50, Sigma), and mouse monoclonal anti-Hsp70, an ER-resident protein (clone 1D9 dilution 1/200, StressGen, Victoria, BC) used in conjunction with rabbit anticatalase and rat monoclonal antitubulin Q2 (clone YOL 1/34 dilution 1/50, Sera-Lab, Crawley Down, UK). Q3 Secondary antibodies used were Cy-5-conjugated goat antirabbit IgG (Jackson), diluted 1/100, and cross-absorbed, species-specific Alexa 546-conjugated goat antimouse IgG and Alexa 488-conjugated goat antirat IgG (Molecular Probes, Eugene, OR), each diluted 1/200. Confocal settings were similar to those used for double labeling, except that a 543-nm helium/ neon laser was also used, and emission windows were set at 500-530, 550-625, and 650-760 nm. To avoid bleed-through from the Alexa 488 dye into the Alexa 546 image, images from Alexa 488 were collected sequentially from the concurrent imaging of Alexa 546 and Cy-5.
Inhibitor Studies and Quantification of Peroxisome Localization
For drug treatments, frozen stock solutions in DMSO of latrunculin B (MP Biomedicals) and cytochalasin D (Sigma) were diluted to 2 and 5 mM, respectively, in distilled water, and the DMSO concentration was adjusted to 1.0%. The apical 5-10 mm of root tips were exposed to these drug solutions, or to DMSO controls, for 3-4 h before being fixed and processed for double labeling. Peroxisomal distributions were determined from each image in optical series (1.0-mm intervals) by manually counting peroxisomes associated with the phragmoplast or resident in the cytoplasm and by measuring cytoplasmic and phragmoplast areas with the program Metamorph (ver. 4.1.7, Universal Imaging, Downington, PA). Because the root tip cells were not vacuolate, cytoplasmic areas were determined as cell areas minus the areas covered by nuclei and, when present, phragmoplasts.
Results
Peroxisomes, but Not Other Organelles, Aggregate around the Cell Plate during Cytokinesis in Allium Peroxisomes aggregated during cytokinesis in immunolabeled sections of Allium roots (figs. 1, 2). Aggregation was observed in 2 onion (A. cepa), leek (A. porrum), and several other species, including two further crops (spring onions, A. fistulosum, and garlic, A. sativum) and three ornamentals (A. cowanii, A. moly, and A. sphaerocephalum). These species all showed similar patterns of peroxisome aggregation during cytokinesis (table 1 summarizes data for all species tested).
In onion roots, the randomly organized peroxisomes of interphase and preprophase cells ( fig. 1A , 1B) gathered late in anaphase at the center of the division plane into a single band ( fig. 1C, 1D , arrow). In early telophase, this band of peroxisomes resolved into a pair of bands on either side of the forming cell plate ( fig. 1E , 1F, arrows). As telophase proceeded, the microtubule phragmoplast expanded outward to the edge of the cell ( fig. 1G ), and the peroxisomes arranged into Q4 two parallel rings immediately to the inside of the microtubules and on either side of the outer edge of the developing cell plate ( fig. 1H , arrows). Aggregation involved essentially all peroxisomes in a cell and occurred in all telophase cells whether the plane of cell division was transverse ( fig. 1F, 1H ) or oblique ( fig. 1D ). Further, aggregation occurred in all cell divisions in Allium, including cells within the root proper ( fig. 1C-1H ), the root cap (data not shown), and the leaf epidermal cells, and during stomatal pore formation in the leaf (data not shown).
Q5
Furthermore, roughly even numbers of peroxisomes were inherited by each daughter cell ( fig. 1F, 1H ).
Q6
Triple-labeling experiments were used to compare how peroxisomal aggregation in leek roots contrasted with the distribution of other organelles ( fig. 2 ). Peroxisomes aggregated during cytokinesis, but this aggregation was different from that of two other organelles that accumulated at the division plane.
Q7
Although the ER accumulated in the division plane and, notably, adjacent to the cell plate ( fig. 2C , arrow), ER remained present throughout the cytoplasm, including in reticulate cortical arrays (arrowheads). Similarly, the Golgi apparatus accumulated in the division plane but also remained present throughout the cytoplasm ( fig. 2F , arrow).
Peroxisomes Do Not Aggregate during Cytokinesis in Dicots and Some Monocots
In contrast to Allium, none of the other species that we investigated showed peroxisomes that were tightly aggregated during cytokinesis (figs. 3, 4; 
Many Monocots Show Partial Aggregation of Peroxisomes during Cytokinesis
Between the two extremes of Allium and the dicots examined, we found that root cells from a range of monocot species showed partial aggregation of peroxisomes during cytokinesis, adjacent to the late phragmoplast ( fig. 4 ; table 1). As with Allium, this partial aggregation occurs only in late anaphase and telophase. Telophase Tradescantia cells had an increased density of peroxisomes adjacent to the phragmoplast and cell plate ( fig. 4B , arrow), while in telophase Arum cells, peroxisomes associated with the late phragmoplast were often brighter than 
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other peroxisomes within the cell or in neighboring cells ( fig. 4D , arrowhead). This partial-aggregation effect was, however, different from the aggregation effect in Allium for several reasons. Unlike complete aggregation, which began in early telophase and formed a double ring of all the cell's peroxisomes on the inside of the late microtubule phragmoplast, partial aggregation was characterized by development late in telophase of an incomplete (hence partial) localization of peroxisomes to the outer edge of the phragmoplast. Further, levels of aggregation sometimes varied markedly between different cells in the one plant.
The partial aggregation of peroxisomes during cytokinesis occurred in numerous monocot families (table 1) that are taxonomically divergent. Yet within these families, species exist where no aggregation was apparent. For example, while some members of the Amaryllidaceae, including Amaryllis ( fig. 4E , 4F) and Crinum (data not shown), showed a strong pattern of partial aggregation during cytokinesis, Agapanthus did not ( fig.  4G, 4H ). Even within the Alliaceae, the complete aggregation of all peroxisomes during cytokinesis occurred only in the genus Allium. Related genera, including Tristagma, Tulbaghia, Nothoscordum ( fig. 4I-4N ), and Leucocoryne (data not shown), showed only partial peroxisomal aggregation, while in Ipheion, no aggregation was apparent (data not shown; table 1). We also tested several genera traditionally placed within the Alliaceae that molecular evidence now places within the Themidaceae. Consistent with this reclassification, no peroxisomal aggregation occurred during cytokinesis in Brodiaea ( fig. 4O, 4P ) or in the related genus Triteleia (table 1) .
Spatial Analysis of Aggregated and Partially Aggregated Peroxisomes
Peroxisomal aggregation in Allium depends on the interaction between myosin and microfilaments, in that the actin-disrupting drugs cytochalasin D and latrunculin B and the myosin inhibitor BDM all block the aggregation of peroxisomes. While inhibitor studies suggested that a similar microfilament-dependent localization occurred during partial aggregation ( fig. 5 ), because this process is much less pronounced than the full aggregation found in Allium, we conducted a numerical analysis that confirmed microfilament dependency (table 2) . Q8 We first characterized the effects of 2-mM latrunculin B and 5-mM cytochalasin D on aggregation in Allium. Both cytochalasin and latrunculin greatly reduced the levels of peroxisome aggregation ( fig. 5C-5F ), compared to those found during cytokinesis in controls ( fig. 5A , 5B). Q9 When quantified, these drugs caused no changes in the relative density of peroxisomes found in interphase cells but caused a significant reduction in the asymmetrical distribution of peroxisomes during cytokinesis. Instead of peroxisomes being 40-fold more commonly associated with the phragmoplast than with the remaining cytoplasm of the cell, this ratio drops to less than twofold (table 2) . In Tristagma, an onionlike plant from the Alliaceae that shows only partial aggregation of peroxisomes during cytokinesis, we observed a similar microfilament-dependent localization of peroxisomes during cytokinesis. While partial aggregation was apparent in control roots ( fig. 5G, 5H) , both latrunculin and cytochalasin reduced aggregation ( fig. 5I-5L ). When quantified, the ratio of peroxisomes associated with the phragmoplast to those associated with other cytoplasm dropped significantly, from above four to below two, again confirming microfilament dependency (table 2) . Q10
Discussion
Our data demonstrate that the behavior of peroxisomes during cytokinesis varies markedly among higher plant species.
The complete, microfilament-dependent aggregation of all of a cell's peroxisomes to the division plane adjacent to the forming cell plate was limited to the genus Allium. This aggregation pattern was also restricted to peroxisomes, as even in Allium, the ER and Golgi apparatus showed only partial aggregation at the division plane. However, a diverse range of monocot species exhibited partial aggregation of peroxisomes during cytokinesis.
Allium root tips have been a classical system in which to study cell division, including at the light-microscope level (e.g., Kellicott 1904) , in some of the earliest electron microscopy studies of plants (e.g., Rozsa and Wyckoff 1951; Porter and Machado 1960) , and for the first immunofluorescence demonstration of microtubules in cell wall-containing plant cells (Wick et al. 1981) . Despite the fact that Allium is a model system for cell division, our results (Collings et al. 2003) but not replicated in this study.
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demonstrate that, with regard to peroxisome distribution, it has highly unusual cell divisions and that significant differences exist between it and other model systems of monocot cell division, such as Haemanthus and Tradescantia, which show partial aggregation, and the grasses and dicots, such as Arabidopsis, which lack aggregation.
Why Do Peroxisomes Aggregate during Cytokinesis?
What is the function, then, if any, of aggregated peroxisomes during cytokinesis in Allium, and do peroxisomes perform any functions when partially aggregated in other monocot cell divisions? By analogy with other organelles, we suggest that peroxisomal aggregation likely has some function in monocots. Both the accumulation of ER in the mitotic spindle and phragmoplast of dividing plant cells (Gupton et al. 2006 and references therein) and the accumulation of the Golgi apparatus into the ''Golgi band'' in the plane of cell division during metaphase and adjacent to the cell plate during cytokinesis (Nebenfü hr et al. 2000; Dixit and Cyr 2002) match the roles these organelles play in the deposition of the cell plate and new cell wall. Indeed, it has been observed that the Golgi apparatus can be recruited to locations where it is needed (Nebenfü hr et al. 1999 (Nebenfü hr et al. , 2000 . We previously suggested that aggregated peroxisomes might function during cytokinesis, either in the recycling of excess membrane no longer required by the cell or in the hardening of the cell plate through peroxide-based cross-linking of pectins or extensins (Collings et al. 2003) .
The cell biology data provided in this study give no direct evidence for specific roles of peroxisomes during plant cell division, although the taxonomic distribution of partial aggregationlimited to some monocots, with complete aggregation found only in Allium-may be significant. However, our evidence would seem to rule out three possible explanations for aggregation.
1. That full aggregation is limited to Allium might suggest some unexplained link between aggregation and the distinctive sulfurous aroma, or alliaceous chemistry, present in plants from this genus. However, no correlation exists between the presence or absence of alliaceous chemistry in the Alliaceae and the presence of full or partial peroxisomal aggregation (table 1) .
2. It would seem unlikely that peroxisomal aggregation occurs to ensure the equal partitioning of peroxisomes into the daughter cells, as plastids and mitochondria segregate during division without aggregating. Although few studies have directly looked at plastid or mitochondrial distribution during cell division, there have been no indications that they show any type of aggregation. In tobacco cells, while the Golgi apparatus aggregates at the division plane, plastids and mitochondria are excluded (Kawazu et al. 1995) . Further, electron micrographs of onion root tips, in which peroxisomes can be seen aggregating, fail to show changes in either plastid or mitochondrial distributions (Porter and Machado 1960; Hanzely and Vigil 1975 ; Vaughn et al. 1996; Collings et al. 2003; K. Vaughn, personal communication) . Examination of micrographs from an earlier electron microscopy study of onion root tip cell divisions suggests that the structures aggregated near the cell plate in anaphase are unlikely to be mitochondria, as described, but are likely to be peroxisomes (Rozsa and Wyckoff 1951) . Systems do exist, however, where that partitioning of plastids and mitochondria is regulated. When quantified in dividing tobacco N) , and Brodiaea elegans (O, P). Varying levels and forms of peroxisomal aggregation were observed during cytokinesis. Peroxisomes associated with the outer edge of the phragmoplast (phr) in Tradescantiaand Amaryllis (B, F, arrows), whereas phragmoplast-associated peroxisomes in Arum appeared more brightly labeled than neighboring cytoplasmic peroxisomes (D, arrowheads). Within the Alliaceae, complete aggregation of peroxisomes during cytokinesis was limited to Allium. Partial aggregation occurred strongly in Tristagma (I) and Nothoscordum (N, arrows) but only weakly in Tulbaghia (L, arrow). By contrast, Brodiaea (O), from the Themidaceae, lacked peroxisomal aggregation during cytokinesis. Bar in P ¼ 10 mm for all images. 7 culture cells, the nonaggregated ER, plastids, and mitochondria partition equally into the daughter cells, in a process requiring microfilaments (Sheahan et al. 2004) .
3. Partial aggregation of peroxisomes occurs in numerous monocot families that are taxonomically divergent ( fig. 6 ) Q11 (Dahlgren 1989; Tamura et al. 2004 ). Among flowering plants, there are major differences in the composition of the primary cell wall. The primary cross-linking glycan in dicots and many monocots is xyloglucan, whereas the remaining commelinoid monocots use glucuronoarabinoxylan as their main cross-linking glucan (Buchanan et al. 2000) . Q12 However, partial aggregation occurs in both commelinoid monocots, such as Tradescantia Fig. 5 Peroxisomal aggregation during cytokinesis is microfilament dependent. Microtubules and peroxisomes are shown in maximum projections of confocal optical series covering a depth of ca. 2.5 mm for telophase cells from roots of Allium (A-F) and Tristagma, an onionlike plant from the Alliaceae (G-L). Control treatments (A, B, G, H) were compared to 3-4-h treatments with either 2-mM latrunculin B (C, D, I, J) or 5-mM cytochalasin D (E, F, K, L). In control cells of Allium, the aggregation of peroxisomes (B, arrows) with the microtubule phragmoplast (A, phr) broke down after both latrunculin (D) and cytochalasin treatments (F), so that instead of being associated with the phragmoplast (location indicated with asterisks), peroxisomes were found throughout the cells. In Tristagma, the partial aggregation of peroxisomes during cytokinesis (H, arrow) is also blocked by latrunculin (J) and cytochalasin (L), such that peroxisomes remained randomly positioned in the cytoplasm. Bar in L ¼ 10 mm for all images.
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and Arum ( fig. 4A, 4B) , and noncommelinoid monocots, so these variations in monocot cell wall biochemistry do not match the distribution of peroxisomal aggregation ( fig. 6) . Differences in the primary wall are, therefore, not likely to be the cause of aggregation. This need not mean that aggregated peroxisomes do not play a role in cell wall formation. The observed differences in monocot cell walls relate to the primary cell wall, whereas peroxisomal aggregation adjacent to the phragmoplast and cell plate might relate to biochemical differences in cell plate and middle lamella formation.
The Cytoskeleton and Peroxisomes
Quantification of peroxisomal distributions after drug treatments demonstrated that the full aggregation of peroxisomes in Allium, along with the partial aggregation of peroxisomes in Tristagma, a genus from the Alliaceae and a close relative of Allium, are processes dependent on actin microfilaments (Collings et al. 2003 ; this study). These observations are consistent with the immunolocalization of a specific myosin XI motor from the surface of Arabidopsis peroxisomes (Hashimoto et al. 2005) and with the localization of green fluorescent protein (GFP) Q13 fusions of the tail domain from this myosin to peroxisomes (Riesen and Hanson 2007) . The relationship between organelles and the cytoskeleton is, however, complicated, and any statement that a particular organelle depends solely on the microfilament cytoskeleton requires caution. Further, peroxisomal aggregation requires two discrete processes, the transport Note. n ¼ number of replicate cells. px=pL ¼ peroxisomes present per picoliter; this is equivalent to the number of peroxisomes present in a cube with 10-mm sides. The ratio is calculated for individual cytokinetic cells as the ratio of peroxisomal density associated with the phragmoplast divided by that in the remaining cytoplasm. a Drug treatment values significantly different from drug-free controls (P < 0:05, t-test).
Fig. 6
Peroxisomal aggregation is widespread among monocots, with aggregation occurring in both commelinoid and noncommelinoid monocots. This image, based on work of Dahlgren (1989) and Buchanan et al. (2000) , shows orders (with names in boxes) whose size relates to the number of species and whose position reflects phylogenetic affinity. The 34 monocot species tested belonged to 12 different families (names listed in parentheses) from four different orders. Orders in which partial aggregation was observed in some or all species are indicated in dark gray, whereas two orders in which aggregation was never observed (Poales and Zingiberales) are shown in light gray. Untested orders are shown in white. Among monocot species, primary-wall biochemistry is an important distinguishing feature between the commelinoid monocots (lower half of the figure), which use glucuronoarabinoxylan as their main cross-linking glucan, and the noncommelinoid monocots, which, along with dicots, use xyloglucan. There was, however, no apparent correlation between peroxisomal aggregation and primarywall biochemistry. 9 of peroxisome to the cell plate and their tethering there. These processes may rely on different cytoskeletal components.
Cytoskeleton-based motility of peroxisomes in interphase cells depends on microfilaments. The motility of peroxisomes (Collings et al. 2002; Jedd and Chua 2002; Mano et al. 2002; Mathur et al. 2002; reviewed by Muench and Mullen [2003] ), mitochondria (van Gestel et al. 2002) , plastids (Kandasamy and Meagher 1999) , subcortical ER (Boevink et al. 1998 and references therein), and the Golgi apparatus (Boevink et al. 1998; Nebenfü hr et al. 1999 ) are inhibited by microfilamentdisrupting drugs but not by drugs that depolymerize microtubules. Microtubule-based trafficking of organelles has not been demonstrated in interphase higher-plant cells, although kinesins (microtubule-based motors) associate with mitochondria (Ni et al. 2005; Romagnoli et al. 2007 ) and vesicles (Lu et al. 2005) . Microtubule-based motility is, however, likely during cell division, where the organization of the ER during mitosis and cytokinesis relies on the integrity of the microtubule cytoskeleton (Gupton et al. 2006) , where kinesins associate with vesicles in cytokinesis (Lee et al. 2001; Vanstraelen et al. 2006) and where microfilament disruption does not inhibit accumulation of vesicles in the cell plate.
Cytoskeletal tethering of organelles, so that they remain stationary at a specific location in the cell while surrounded by streaming cytoplasm, may be as important as cytoskeleton-based organelle motility. While the subcortical ER shows continual motility, organelles, including peroxisomes, mitochondria, and the Golgi apparatus, show what has been described as ''stopand-go'' motion characterized by periods of rapid motion and periods where the organelle is stationary, tethered within the streaming cytoplasm (Nebenfü hr et al. 1999) . Microtubules may function in this tethering. In living tobacco cells, nonmotile mitochondria often align parallel to the microtubule cytoskeleton, and this organization is disrupted by microtubule depolymerization (van Gestel et al. 2002) . In tobacco, mitochondrial fusion during cell dedifferentiation is also microtubule dependent (Sheahan et al. 2005) , and mitochondrial kinesins decrease mitochondrial motility in tobacco pollen tubes (Romagnoli et al. 2007) . Microtubule-based positioning of mitochondria also occurs in Arabidopsis (Logan et al. 2003) . Microtubules also function in the positioning of plastids in various plants (Kwok and Hanson 2003; Chuong et al. 2006) , while microtubule depolymerization increases the number of tobacco cells that show motile Golgi apparatus, suggesting that the microtubules act to limit streaming (Nebenfü hr et al. 1999) . Similar suggestions have also been made for peroxisomes. Numerous peroxisomal matrix proteins have been purified based on their affinities for either microtubules or tubulin (Chuong et al. 2002 (Chuong et al. , 2004 Harper et al. 2002) , and it has been proposed that briefly tethering peroxisomes to microtubules may facilitate protein uptake into the peroxisome (Muench and Mullen 2003) . No evidence, however, has been provided for this. The switching mechanisms that turn organelle motility and tethering on and off, and whether they are the same for different organelles, have not been determined.
Understanding the roles of the cytoskeleton in peroxisomal aggregation during cell division is, therefore, complicated by the existence of both cytoskeleton-based motility and cytoskeletonbased tethering. Using microfilament antagonists, we have shown that microfilaments are necessary for the aggregation of peroxisomes in Allium and Tristagma (Collings et al. 2003 ; this study) and that aggregated peroxisomes in Allium colocalize with microfilaments and not microtubules (Collings et al. 2003) . Our observations strongly suggest that microfilaments function in both transport to the cell plate and tethering but do not discriminate between the two processes. Further, the data do not rule out a role for microtubules in either transport or tethering, although such a role is unlikely. Q14 Proof of a solely microfilament-dependent process will require careful analysis of the effects of microfilament and microtubule disruption, but such experiments are not easy. Immunofluorescent labeling after microfilament disruption, as used in this study, failed to distinguish between roles for microfilaments in motility and tethering and cannot be applied after microtubule depolymerization because the loss of the mitotic spindle blocks cell division at metaphase, before peroxisomal aggregation occurs. Instead, living cells must be analyzed. We developed a system in which aggregated peroxisomes were visible in the epidermal cells of whole Allium leaves transiently expressing peroxisometargeted GFP (Collings et al. 2003) . We have not, however, been able to use this to investigate time courses through division after microfilament and microtubule disruption because dividing cells cannot be recognized before peroxisomal aggregation. Instead, we plan to investigate these time courses using cultures of stably transformed Allium (see Eady et al. 2003 ) expressing peroxisome-targeted GFP to distinguish the roles of microtubules and microfilaments in peroxisomal aggregation.
Outlook
It remains possible that analysis of the mechanism and proteins involved in full aggregation in Allium and partial aggregation in some of its close relatives may reveal important information concerning organelle positioning. Although full genome sequences are not available for any plant that shows partial or full aggregation (rice, maize, poplar, and Arabidopsis all lack peroxisomal aggregation), it is significant that a large database of ca. 11,000 Allium cDNA sequences is available (Kuhl et al. 2004 ). Furthermore, cell division in Allium roots can be synchronized with hydroxyurea (Clain and Brulfert 1980; Doležel et al. 1999) . As nonspecialized peroxisomes can be purified from various tissues, including bean roots (Theimer and Heidinger 1974) and Arabidopsis (Fukao et al. 2002 (Fukao et al. , 2003 , it is tempting to speculate whether Allium and Tristagma roots might provide a convenient system in which to study the cytoskeletal and biochemical control mechanisms that regulate peroxisome positioning and partitioning. Analysis of differences in the peroxisomal proteome (Fukao et al. 2002 (Fukao et al. , 2003 between interphase and cytokinetic cells of Allium and Tristagma and comparisons to nonaggregating monocots, such as rice and maize, might reveal proteins implicated in the functioning of aggregated peroxisomes during cytokinesis.
